A decade after it was shown that the orientation of visual grating stimuli can be decoded from human visual cortex activity by means of multivariate pattern classification of BOLD fMRI data, numerous studies have investigated which aspects of neuronal activity are reflected in BOLD response patterns and are accessible for decoding. However, it remains inconclusive what the effect of acquisition resolution on BOLD fMRI decoding analyses is. The present study is the first to provide empirical ultra highfield fMRI data recorded at four spatial resolutions (0.8 mm, 1.4 mm, 2 mm, and 3 mm isotropic voxel size) on this topic -in order to test hypotheses on the strength and spatial scale of orientation discriminating signals. We present detailed analysis, in line with predictions from previous simulation studies, about how the performance of orientation decoding varies with different acquisition resolutions. Moreover, we also examine different spatial filtering procedures and its effects on orientation decoding. Here we show that higher-resolution scans with subsequent down-sampling or low-pass filtering yield no benefit over scans natively recorded in the corresponding lower resolution regarding decoding accuracy. The orientation-related signal in the BOLD fMRI data is spatially broadband in nature, includes both high spatial frequency components, as well as large-scale biases previously proposed in the literature. Moreover, we found above chance-level contribution from large draining veins to orientation decoding. Acquired raw data were publicly released to facilitate further investigation.
Introduction
to verify fixation accuracy on a trial-by-trial basis. In order to evaluate a potential 126 impact of the reading task on the orientation decoding performance, the task was re-127 placed for one participant with a visual detection task. One participant was repeatedly . . .
T im e
Figure 1: Stimulation paradigm. Independently oriented flickering grating stimuli on a medium gray background were presented in both hemifields for 3 s at the beginning of each trial. Stimulation was followed by a 5 s inter-trial interval. Throughout an entire experiment run, participants performed a continuous central letter reading task to maintain fixation. Interspersed trials where the previous stimulus was repeated in only one of the hemifields were used to decouple stimulation sequences. Figure S7 illustrates the effect of distortion correction and the alignment quality of 198 BOLD images to the respective structural images for two participants. Figure S7 demonstrates the alignment of the 7T BOLD fMRI with the reconstructed 238 cortical surface.
239
The associated raw data are available is part of dataset ds000113d on OpenFMRI 240 and are further described in Sengupta et al. (2016) .
241

Blood vessel localization
A volumetric mask of V1 voxels with venous contributions was generated for each 243 subject using the following procedure. First, the phase component of the SWI scan was 244 masked (using a brain masked derived from the magnitude component), and 3D phase data points. While it seems uncommon for neuroimaging studies to optimize this pa-283 rameter for a particular application, we observed substantial variability in performance 284 with varying number of input features. Consequently, we decided to tune this param-285 eter using a nested cross-validation approach, where the training portion within each 286 8 cross-validation fold was subjected to a series of leave-another-run-out cross-validation analyses in order to perform a grid search for the optimal C value (search interval [10 −5 , 288 5 × 10 −2 ] in 200 equal steps). The "optimal" C value was then used to train a classifier 289 on the full training dataset, which was subsequently evaluated on the data from the 290 left out run. Reported accuracies always refer to the performance on the test dataset 291 using the tuned C setting. Tuning of the C parameter was performed independently 292 for each participant, resolution, and hemisphere. The ranges of tuned C parameters for 293 all resolutions are illustrated in Figure S6 .
294
Spatial filtering strategies 295 In order to investigate how signal for orientation decoding is distributed across the 296 spatial frequency spectrum, two different strategies for volumetric spatial filtering of 297 the functional imaging data were implemented. Because of its prevalence in standard fMRI analysis pipelines, spatial filtering was 318 always applied to the whole volume, prior to any masking. However, as this procedure 319 leads to leakage of information from outside the ROI into the ROI due to smoothing, 320 particularly with large-sized LP filters, we also performed a supplementary analysis 321 where filtering was restricted to the V1 ROIs in each hemisphere to prevent information 322 propagation by smoothing (see supplementary material).
323
Spatial resampling to other resolutions, with and without Gaussian filtering. A fre-324 quently expressed concern in the literature with respect to Gaussian smoothing is that Table 1 : V1 ROI size. Average number of voxels for both hemispheres with standard deviation across participants. The four rightmost columns indicate the number of voxels within the ROI that are considered to be intersecting veins for two different thresholds (the 40% of voxels with the highest volume fraction of blood vessels; and the same for the top 10% voxels; see Figure 6 for an illustration).
a Fourier (FFT) based spatial frequency resampling, which destructively removes high- Effect of acquisition resolution and number of input voxels. In order to determine the 343 effect of acquisition resolution, we performed orientation decoding at all resolutions.
344 Figure 2A shows the mean classification accuracy across participants and hemispheres 345 as a function of acquisition resolution in the V1 ROI. In the set of tested acquisition 346 resolutions, we found the peak classification performance of 40.89% at 2 mm isotropic 347 resolution.
348
For the above analysis, all voxels in the respective V1 ROIs were used. As the 349 number of voxels in a 0.8 mm V1 mask was substantially higher than those in a 3.0 mm 350 V1 mask ( of voxels. Figure 2B shows that a constant and smaller number of input voxels had which in turn depends on voxel size (Triantafyllou et al., 2005) . In this study, tSNR is 363 modulated across acquisition resolutions due to differential impact of technical/thermal 364 and physiological noise components. In order to characterize this impact, we computed 365 tSNR for each voxel as the ratio of mean signal intensity across all time points after 366 polynomial detrending (1 st and 2 nd order; analog to preprocessing for MVP analysis) data can be well explained by the following model (Triantafyllou et al., 2005) :
where V is the voxel volume, κ is the proportionality constant, and λ is the magnetic 372 field strength independent constant parameter with λ=0.0117, κ=22.74 (R 2 =0.95) The Figure 4 : Orientation decoding accuracies for all acquisition resolutions (increasing acquisition voxel size from top to bottom) and levels of spatial high-pass, low-pass, band-pass, and band-stop Gaussian filtering. Panels on the right visualize the size of selected Gaussian filter kernels with respect to the voxel size at each resolution. FWHM values for band-pass and band-stop filters refer to the corresponding 1 mm band to the closest smaller filter size (e.g., 5 mm refers to the 4-5 mm band).
McNemar test (Edwards, 1948) was used to comparing the performance of the BP filtered data with the unfiltered decoding performance. Star markers indicate a significant difference (Bonferroni-corrected, see legend in (A) for criteria).
accuracy. We also did not see systematically improved accuracies after LP filtering 447 across resolutions.
448
Data acquired at 2.0 mm or 3.0 mm showed a general trend towards higher decod- Table 1 .
461
Analyses outside the vein mask were performed twice: once for the entire region 462 and again for a subset of voxels that was constrained to the number of voxels inside 463 the vein mask for the corresponding resolution. In the latter case, the analysis was 464 repeated with a new random voxel selection 100 times. with no additional smoothing; see Figure 2A ; theoretical chance-performance: 50%), hence accuracies are of the same magnitude as in other studies (see, for example, Haynes 
